This paper presents the results of a numerical investigation on the transient behaviour of a packed bed thermal storage unit using different fluids: oil, molten salt and air. The storage material consists of loosely spherical particles of alumina packed in a reservoir wherein the heat transport fluid flows from the top to the bottom in the charging phase, and in the opposite way in the discharging phase. The process of charge/discharge of the storage system gives rise to a typical temperature distribution along the flow direction defined "thermocline". The main objective of this work is to analyze the temperature distribution along the storage system and the formation of the thermocline for repetitive consecutive cycles, evaluating the progressive reduction of the stored energy in the solid material for every new cycle. The numerical investigation is based on a two-phase one-dimensional modified Schumann model, where thermodynamic properties of the fluid are temperature dependent.
Introduction
Thermal power plants based on solar energy are considered one of the most promising technologies to reduce the impact of greenhouse gases produced by conventional power generation systems. In particular, CSP (Concentrating Solar Power) plants have the greatest potential of development, because by increasing the plant size the cost of energy production decreases significantly [1, 2] . The intermittent nature of solar energy radiation requires a thermal energy storage (TES) system to allow solar power plants to operate with continuity and independently from sunshine intensity and availability. In this way, the storage system becomes a strategic component of a solar power plant, ensuring great flexibility. Moreover, TES used in several industrial and commercial applications are nowadays often integrated with different sources of heat.
Different storage methods convert solar radiation into thermal energy that can be stored as sensible heat, latent heat or chemical energy [3] [4] [5] [6] [7] . Storage of sensible heat is achieved by increasing storage medium temperature, latent heat energy is stored using phase change materials (PCM) whilst thermo-chemical storage involves reversible chemical reactions. Latent heat and chemical energy are considered the most promising technologies. However, sensible heat storage is the simplest and cheapest method to store thermal energy and some technological and economical aspects make it superior; it is still the most suitable storage technique used in air-based solar system [8] . TES can be classified as active or passive systems. The former can be of the direct or indirect type [9] [10] [11] . In the case of the direct type, the storage medium is the same heat transfer fluid (HTF), whereas in the indirect method a second fluid is used for storing the heat. In passive storage systems a solid material is used as storage medium and the HTF passes through the storage medium only during the charging and discharging phases [12] .
Nomenclature
When the heat transfer fluid is a liquid such as oil or molten salt, there are technical and operational problems in addition to the high costs. For example, molten salts have a relatively high freezing temperature (120-220°C) which entails high costs of maintenance and operation. Oils are flammable and corrosive and due to their thermal stability the working temperature is kept up to 400°C with the freezing point at about 10°C.
To reduce costs of the storage system, in recent years TES systems with a single tank filled with solid material of high thermal capacity have been proposed. A storage system with a single tank thermocline is about 35% cheaper than a system with two storage tanks [13] . In the system with a single tank, the hot and cold fluids are separated by stratification within a packed bed of solid material and the region between the coldest fluid and the hottest one, called thermocline, is characterized by a strong gradient of temperature that mainly depends on the characteristics of the storage material. Among solid materials, the most promising are refractory ceramic materials, concrete, limestone, steatite et sim., for their relatively low cost and high thermal capacity. In these systems, the most important requirements are the energy density of the storage material (storage capacity), the heat transfer coefficient and compatibility (safety) between the HTF and the solid material, the mechanical and chemical stability of the storage material, the reversibility for repeated charging and discharging cycles (lifetime), the thermal energy loss and the stratification of the fluid [14] . Systems with packed bed solid material have been widely studied, and many published works on fixed bed energy storage use the model originally developed by Schumann [8, [15] [16] [17] [18] [19] .
In this work a numerical investigation on the transient behaviour of a packed bed thermal storage unit was carried out considering alumina balls of small diameter as storage material and air, diathermic oil and molten salt as HTF fluid. The main objective of this work is to analyze the behaviour of the storage system, focusing on the phenomenon of hysteresis that occurs for repeated cycles of charge and discharge, and verify the influence of different operating parameters on performance and charge capacity. This aspect is rarely studied in literature [20, 21] , but it is important to determine the effective storage capacity of the reservoir which inevitably affects performance. Finally, the paper describes the behaviour of the storage system when fed according to the typical radiation of a summer day, which involves a variable input thermal power.
Storage section
The main objective of this study is to analyze the thermal behaviour of a sensible heat storage system characterized by a solid storage material of high volumetric thermal capacity. The solid material consists of spherical particles freely poured into a vertical reservoir, wherein the HTF flows from the top to the bottom of the tank during the charging phase and, in the opposite way, during the discharging phase. Air, oil and molten salt are the HTF considered in this work and spherical particles of alumina are the solid material. The choice of this material depends on the characteristic properties of the commercial type of alumina (Al 2 O 3 89.5 wt%), characterized by a high density (3550 kg/m 3 ) and a high specific heat (920 J/(kg K) at 100°C). Table 1 reports the range of temperature operation of the three fluids considered here. Because of its thermal stability, oil can work up to a temperature of 400°C [22] . The molten salt mixture can be used between 260°C and 600°C, the mixture begins to crystallize at 238°C and is completely solid at 221°C [23] . The range between 150-550°C matches well with commercial steam power plants often used nowadays in CSP systems [2, 24] . This range of temperature can be achieved with air which, compared to the other two fluids, has a lower heat capacity and density and a higher pressure loss because of its high velocity during the thermal process. The three fluids work at different pressures: air and molten salts can be used at atmospheric pressure while diathermic oils at high temperature need to be pressurized (vapour pressure >1 MPa at 400°C).
The performance of the storage system is evaluated considering 5 MWh th as the maximum storable thermal energy (solid bed + fluid) and a nominal HTF thermal power of 1 MW th . As shown in Table 1 , this involves different volumes of the tank and mass flow rates since both depend on the properties of the fluid and the working temperatures. The tank size can be determined by means of equation (1), where both solid and fluid contribute to storing energy (this effect is negligible for the air).
The efficiency of the storage system is evaluated according to equation (2), where E U is the useful energy recovered after every cycle of charge and discharge compared to the maximum storable thermal energy.
The mathematical model
To predict the performance of a TES system a mathematical model developed in the Matlab-Simulink environment was used. As in many published works on TES systems with a fixed bed, this model is also based on the work originally developed by Schumann [17] . It is a two phase-one dimensional model which enables calculation of the time evolution of the spatial distribution of both solid and fluid temperature. The temperature of both phases is evaluated along the flow direction within the points chosen for the spatial discretization, according to equations (3) and (4) [16] [17] [18] .
The model assumes uniform characteristics in the radial direction [25] , while the physical properties of the solid material are kept constant; the HTF properties are function of pressure and temperature. The Biot number of the particles is small enough to assume as uniform the temperature distribution inside the sphere. The main heat transfer mechanism considered is forced convection, whilst radiation is neglected for both phases and thermal conduction is considered only for the fluid because spherical particles have a very small contact surface. The pressure drop, along the bed is evaluated with the Ergun equation [26, 27] . Due to the thick layer of insulating material, the thermal losses are neglected. Here the volumetric convective heat transfer coefficient h v between the solid particle and fluid is linked to the convective heat transfer coefficient α:
As reported in [21] , the heat transfer coefficient α can be calculated for air according to the Coutier and Faber correlation [15] as a function of mass flow rate per unit cross section G and particle diameter:
For oil and molten salts the Wakao and Kaguei correlation is used [28] , as reported in ref. [25] for oil and in ref. [29] for molten salts: d k Nu ( 7 ) In relation (7) the Nusselt number is a function of Reynolds number (based on particle diameter) and Prandtl number according to the following equation:
Setting the characteristics of the solid material, the size of the tank, the thermal properties of the fluids, the flow rate and the temperature of the flow, the model is able to predict the temperature distribution of the fluid and the solid along the vertical axis of the tank and then the stored energy.
Storage system features and hysteresis problem
According to data reported in Table 1 , Figure 1(a) shows the efficiency, as defined by equation (2), versus the particle diameter for different values of the aspect ratio AR. The influence of these parameters for different charging phases using a gaseous fluid was discussed in depth in [30] . It is clear that efficiency increases with decreasing particle diameter and with increasing aspect ratio. For these reasons, a good compromise could be to build tanks with an aspect ratio around 2 to avoid slim vertical structures and employ spherical particles of about 10 mm in diameter so as to avoid difficulty in management. These values are taken as input data in the calculations. Figure 1(b) shows the effect of the thermal input variation on efficiency. A lower thermal power input leads to higher efficiency but requires lower mass flow rate and higher charge/discharge time. The most important indication of Figure 1(b) is the drop in efficiency experienced for repeating cycles; in particular, after only five cycles the efficiency decreases by about 30 percentage points for all types of fluid tested. Due to the different thermodynamic properties of the various fluids, oil and salts show better performance compared to air, with the latter that reaches a charging capacity close to 0 after the 5 th cycle. As shown in Figure 2 (a), the thermocline for both oil and salt is very steep, almost ideal. In Figure 2(a) , to better compare the behaviour among different fluids the results are reported using dimensionless coefficients for temperature and axial length, as defined by equation (9) . In this way, both θ and L* can assume values between 0 and 1. Figure 2(b) shows that the performance of the storage system when using air increases with the increase in the temperature field identically to the behaviour of molten salt and oil, but in general it is worse than the other fluids. This behaviour can be explained by considering that the three fluids present very different properties such as density, specific heat capacity and the heat transfer coefficient α which is smaller for air compared to the other fluids. 
Possible solutions for continuous operations
A possible solution to overcome the thermal hysteresis that occurs when the phase of charge and discharge are executed cyclically is to modify both limits of temperature according to the flexibility of the process linked to the storage system. For example, by setting the outlet temperature during the charging phase higher than the minimum temperature of the main process and the outlet temperature of the discharging phase lower than the maximum process temperature, it is possible to reduce the hysteresis effect. Table 2 reports two different conditions compared to the reference condition considered for inlet and outlet temperature changes. Figure 3(a) shows the modification of the temperature profile when option 2 is applied to the thermal storage system. Option 2 is characterized by a higher variation of temperature limits and this allow a greater improvement in efficiency as shown in Figure 3 Table 2 .
Variable thermal power operation
In this section, the behaviour of the packed bed thermal storage working with hot air and a variable input thermal power is studied. It is well known that a solar thermal power plant consists of 3 main parts, as shown in Figure 4(a) : the solar field, the thermal storage and the power block. The power block usually requires an almost constant flow rate and consequently the flow rate available in excess is directed to the thermal accumulator. Moreover, during loading, the fluid at the exit of the accumulator will be mixed with the one coming from the power block before returning to the field of mirrors.
The system considered here is composed of a solar field capable of producing a maximum thermal power of 2 MW th ; 1 MW th is sent to the power block while the remaining part feeds the storage section. Figure 4(b) shows the time distribution of the thermal power fed to the storage system that was considered. The period of time in which the solar field is able to provide energy to the thermal storage system is equal to 11 hours. At time 0, when the excess of radiation becomes available, the charging phase begins and air flows through the packed bed at an increasing flow rate until the maximum power of 1 MW th is reached after 5.5 hours of activity, followed by a slow decrease to zero. At the beginning of the discharging phase the flow rate progressively increases to satisfy the thermal power of 1 MW th required by the power block, and then remains constant. Figure 5 reports the efficiency and the charging and discharging time for the reference option (θ=0-1) and the option 2 (θ=0.2-0.8) as reported in Table 2 , compared with a full charging option (θ=1-0.8).
If the temperature at the outlet of the storage cannot rise above 150°C (reference option), the charging process, as shown in Figure 5 (b), ends well before the 11 th hour available for the charging phase. In any case, the discharging process to feed the power block takes place after the 11 th hour (Figure 4(b) ), as soon as the solar field is unable to supply the power block. Operating in this way, storage efficiency is very low, around 30%, as shown in Figure 5 and, going ahead with repeated cycles up to 10, this parameter decreases to close to zero. Furthermore, as shown in Fig. 5(b) , due to the degradation of the thermocline, charging and discharging time decreases with the increase in the number of cycles and a considerable amount of available thermal power from the solar field is not used. As shown in Figure 5 (a), if the temperature constraints are removed and the dimensionless temperature θ achieves the values 0.2 during charging and 0.8 during discharging (option 2), it is clear that efficiency increases considerably and remains substantially constant after 3 cycles. Also in this case, the charging process finishes before sunset. The outlet temperature is above 150°C, so it is necessary to insert an element that cools air down to 150°C before returning it to the compressor, if needed. In the full charge case, it was thought to charge the thermal storage at the maximum theoretical capacity (θ=1 for the charging phase), as long as there was enough thermal power from the solar field, with θ=0.8 at the discharging phase. The impact is further improvement of efficiency and the
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Power Block disappearance of the hysteresis phenomenon almost completely. For the latter two options, the charging and discharging time (Fig. 5b ) remains constant after a few cycles, thus making available a greater amount of energy to be exploited for the discharge phase.
Conclusions
The transient behaviour of a packed bed thermal storage unit using different fluids was analyzed numerically. Fluids considered in this analysis were air, diathermic oil and molten salts while the storage material was roughly spherical particles of alumina packed in a reservoir. The numerical investigation is based on a two-phase, onedimensional modified Schumann model, where thermodynamic properties of the fluid are temperature dependent.
As expected, the parametric study showed that thermal storage performance increases with decreasing diameters and with increasing aspect ratio.
The storage system, submitted to several processes of charge and discharge, showed the characteristic temperature profile (thermocline) along the storage tank. Repeated cycles consecutively showed the progressive reduction of energy stored in the solid material every new cycle. Oil and molten salt showed good performance even after continuous operations while air, after a few cycles, drastically reduced its capacity to store energy.
To overcome the thermal hysteresis occurring during repetitive cycles of charge and discharge, the proposed solution to modify the temperature limits was investigated.
In this situation the performance of the system working with air is closer to the other two fluids. A marked improvement in performance could be obtained by charging the tank completely. Although diathermic oil and molten salt present important benefits, air allows a larger temperature range, with a well known availability and the absence of technical and environmental problems.
